Studies on the quality of applications of plant protection products on coffee crops are lacking. Thus, we studied spray deposition on coffee leaves and losses to the soil from hydropneumatic spraying at different spray volumes and with and without an electrostatic charge. The experiment was set up using randomized blocks in a factorial design (4 x 2 + 1). Spray deposition on the upper, middle and lower parts of the canopy and losses to the soil were evaluated using Brilliant Blue tracer. Applications were made at 200, 300, 400 and 500 L ha -1 with a conventional airblast sprayer (axial fan type) and an airblast sprayer with directed air jets. Applications were also made with an electrostatic sprayer at 130 L ha -1 . Electrostatic spraying resulted in greater spray deposition on the lower part of the coffee canopy compared to non-electrostatic spraying. On the lower and middle parts of the plants, the sprayer equipped with directed air ducts performed better than the sprayer with nozzles arranged along the lateral arcs (axial). The spray volume of the airblast sprayers without electrostatic charge (200 to 500 L ha -1 ) did not influence spray deposition on the plant leaves and losses to the soil, which were lower with the electrostatic sprayer.
INTRODUCTION
Coffee crop (Coffea arabica L.) presents several challenges to the application of plant protection products, principally canopy penetration and drift reduction. Plant architecture and large foliage area hinder spray coverage. The air currents from airblast sprayers can also increase the risk of spray drift that can reduce the effectiveness of the treatment and increase environmental contamination. Choosing the correct spray method and spray volume can improve spray deposition on the biological target.
Nevertheless, defining the correct spray volume is difficult given that low volumes can lead to inadequate coverage and high volumes can make applications more difficult, principally because of reduced operational capacity. According to Silva et al. (2008) , there is insufficient information on appropriate spray distributions and spray volumes needed to effectively control pests and diseases in coffee crops. Cunha et al. (2005) observed that one of the causes of product loss is spray volume that is inappropriate for specific crop characteristics. The crop canopy is one of the most important of these characteristics (ROSELL POLO et al., 2009 ). According to Viana et al. (2010) , uniform distribution within a specific diameter and using a specific number of droplets can lead to successful applications even at lower spray volumes. Other studies have achieved promising results using lower spray volumes on tree crops (BALAN et al., 2006; FERNANDES et al., 2010) . Additionally, electrostatic spraying at lower volumes can improve leaf deposition and reduce drift losses (ZHAO et al., 2008; MASKI; DURAIRAJ, 2010) . Some studies have demonstrated the advantages of electrostatic sprayers (MASKI; DURAIRAJ, 2010; DERKSEN et al., 2007; LARYEA; XIONGKUI et al., 2011) . Sasaki et al. (2013) evaluated a pneumatic backpack sprayer and also showed that the electrostatic system was efficient for spraying coffee plants. Electrostatic spraying increased spray deposition by 37%. Zheng et al. (2002) claimed that electrostatic spraying can improve the distribution and deposition of droplets on plants, decrease environmental contamination, reduce spray volumes and process costs and improve treatment effectiveness compared to conventional sprayers.
Nevertheless, Hislop (1988) showed that some electrostatic equipment fails to produce consistent control results because of charges that are insufficient to improve deposition or droplet sizes that are unsuitable for use with electrostatic charges. 1297 Spray deposition on coffee… GITIRANA NETO, J. et al. Bayer et al. (2011) worked with rice plants and showed that electrostatic spraying produced lower drop penetration in the interior of the crop and lower droplet densities compared to other spraying systems. Magno Júnior et al. (2011) showed that electrostatic spraying did not increase deposition on citrus crops.
Therefore, the objective of the current study was to evaluate spray deposition on coffee plants and losses to the soil resulting from hydropneumatic spraying at different volumes and with or without an electrostatic charge.
MATERIAL AND METHODS
The experiment was carried out in January 2014 on an eight-year-old coffee plantation (cultivar Catuai 144, spaced 3.8 x 0.65m) located in the municipality of Rio Paranaiba, MG, Brazil. The leaf area index (LAI) was 5.49 according to the methodology proposed by Favarin et al. (2002) . The laboratory studies were conducted in the Federal University of Uberlândia. The sprayers were pulled by a 5425N John Deere tractor (57.4 kW). Table 1 shows the nozzles used in each treatment. Pressure was adjusted to achieve the desired spray volume. The trial was conducted in randomized blocks. The experimental plots consisted of four rows of coffee, 15 m long; however, only the two central rows were considered.
Nine treatments were performed (2 x 4 + 1) consisting of two sprayer types (Sprayers A and B), four spray volumes (200, 300, 400 and 500 L ha -1 ) and an additional sprayer (Sprayer C) with electrostatic equipment set at 130 L ha -1 (Table 1) . Each treatment had four repetitions in which foliage deposition and losses to the soil were studied. The electrostatic sprayer was only tested at 130 L ha -1 because its biggest advantage over traditional equipment is a potential reduction in spray volume. Furthermore, according to the manufacturer, the electrostatic equipment does not perform well at high spray volumes given the difficulty of charging the droplets.
The MAG 1, MAG 2 and SPE 03 hollow cone nozzles used in this experiment are ceramic and angled at 80°. According to the manufacturers, the first two nozzles produce fine droplets and the third nozzle produces very fine droplets (at the pressure levels used in the experiment). The 1298 Spray deposition on coffee… GITIRANA NETO, J. et al.
sprayers moved at a constant 2.2 m h -1 (7.8 km h -1 ) with a constant PTO of 540 rpm throughout all treatments.
Brilliant Blue tracer (300 g ha -1 ) was used in all treatments to determine leaf deposition on the upper, middle and lower parts of the canopy as well as spray run-off to the soil. Leaves were removed from plagiotropic branches that were internal and closer to the trunk of the coffee plant (0.20, 1.30 and 2.00 m above the soil). After removal, the leaves were placed in plastic bags and then stored in insulated containers. Ten leaves were collected for each repetition. The fungicide Azoxystrobin+Cyproconazole (750 mL ha -1 ) and paraffinic mineral oil (0.5% v/v) were applied with the tracer.
Two petri dishes (149.51 cm 2 ) were placed under the canopy (0.2 m from the stem) of each replicate to evaluate spray losses to the soil. In the laboratory, 100 mL of distilled water was added to each of the bags containing leaves and 40 mL was added to each petri dish. The resulting solutions were then removed and absorbance readings were made with a spectrophotometer (Biospectro SP-22) set at a wavelength of 630 nm. Leaf area was measured by digitalizing leaves and then analyzing them with the "Image Tool" program (University of Texas, Texas, USA). Absorbance data was transformed into concentration (mg L -1 ) using a calibration curve. Tracer mass was then divided by the foliage or petri dish area from each repetition to obtain deposition in µg cm -2 . Environmental conditions were measured during the applications. Temperature varied from 23.2 to 29.4°C, relative humidity from 62% to 80% and wind speed from 0.8 to 1.2 m h -1 (3.0 to 4.4 km h -1 ). Data assumptions were tested first. Homogeneity of variances and normality of residuals were tested by the Levene and Shapiro Wilk tests (SPSS statistical program, version 17.0), respectively. To meet the 0.01 level of significance, leaf deposition values from the lower part of the plants were transformed by the square root of x. The rest of the data was not transformed. The data were then submitted to analysis of variance. The averages were compared to each other by the Tukey test and compared to the additional treatment by the Dunnett test at the 0.05 significance level. Regression analysis was used to study the effect of spray volume; however, the resulting models were not significant
To determine the effect of the three sprayers on tracer distribution uniformity, the canopy deposit variances (upper, middle and lower parts) among the three sprayers were tested by an F test (5% probability). For sprayers A and B, the average variance from the four spray volumes from each equipment type was used. Table 2 shows the spray deposition on the upper part of the coffee canopy and demonstrates that there was no significant relationship or a nondependent relationship between spray volume and sprayer type. There was also no significant interaction between these two factors and the additional treatment. In other words, there was no difference in spray deposition on the upper part of the canopy resulting from Sprayers A and B and the electrostatic sprayer. Note that the electrostatic sprayer used only 130 L ha -1 , while the conventional sprayers used 200 to 500 L ha -1 . Therefore, the electrostatic system produces the same foliar deposition with a lower spray volume and thus increases operational capacity and reduces application costs. Lower spray volumes allow greater treatment areas per tank and consequently reduce down time for refilling the tank. The upper part of the canopy is the farthest from the spray nozzles and is therefore most difficult to reach with the sprayer. Thus, none of three systems was superior in this regard. Not even electrostatic spraying, which creates attraction between the droplets and the target, increased foliar deposition given that the greater distance hinders the attraction between the droplets and the leaves. Increasing the height of the nozzles and thereby reducing the distance could improve deposition on the upper part of the canopy. Ferreira et al. (2013) evaluated spray droplet coverage on coffee with and without an extension arm for tall plants and had difficulty reaching the upper part of the plants, corroborating the findings of the current study. Table 3 shows average spray deposition on the middle part of the coffee canopy. Sprayer B, with directed air jets, performed better than sprayer A with the conventional arrangement of nozzles positioned along an arc. The use of directed air jets on airblast sprayers is increasing given the demand for greater deposition. This change is improving spray quality and reducing losses (DEVEAU, 2009). The ability to change the direction of the air current and the angle that spray enters the vegetation provides greater uniformity and control over droplet distribution.
RESULTS AND DISCUSSION
Deposition from the electrostatic equipment was better than Sprayer A at all spray volumes and better than Sprayer B at 200 L ha -1 . At higher volumes (300 to 500 L ha -1 ), Sprayer B produced similar deposition to that of the electrostatic equipment, thus demonstrating the potential spray volume reductions afforded by the electrostatic system. Spray volume did not produce significant differences in deposition. Consequently, a model was not fit to correlate deposition and volume. Table 4 shows the deposition on the lower part of the canopy. Again, Sprayer B, with directed air jets, performed better than Sprayer A. The electrostatic equipment produced better deposition than the two sprayers (A and B), regardless of spray volume. Lower leaves are closer to the point where the spray is emitted and to where the droplets are charged. This results in greater attraction between droplets and leaves, which reduces losses and increases deposition.
As in the present study, other authors have confirmed that in arboreal crops, good spray deposition is easier to achieve when the foliage has greater exposure to the spray nozzles (SCUDELER et al., 2004; RAMOS et al., 2007; FERNANDES et al., 2010; MIRANDA et al., 2012) . The nozzles are closer to the lower part of the plant, which justifies the obtained results.
Once again, spray volume did not significantly affect spray deposition. Consequently, a model was not fit to correlate deposition and volume. This shows that lower volumes can be used and greater operational capacities achieved without affecting treatment quality. Applications greater than 500 L ha -1 are common in coffee crops; however, reducing these volumes is viable and yields significant gains in operational capacity.
There are few studies on coffee crop deposition; however, similar results can be gleaned from studies on citrus. Salyani and Farooq (2003) , found no significant differences in leaf coverage with spray volumes from 250 to 3950 L ha -1 . In another study, Farooq and Salyani (2002) observed that spray deposition on orange trees was greater at a spray volume of 980 L ha -1 than at 250 L ha -1 . Nevertheless, they found little difference in spray coverage from 980 L ha -1 to 1945 L ha -1 . There were no differences in spray losses to the soil between sprayers A and B (Table 5 ) and no differences in spray volumes. All treatments without electrostatic charges produced greater losses than the electrostatic treatments. In general, electrostatic spraying allows greater deposition, mainly on the abaxial side of the leaves, which reduces runoff to the soil. In general, it is expected that up to a point, increases in spray volume will increase the spray retained by the leaves. After this point, the leaf surfaces will not be able to retain additional liquid and undesirable runoff will occur. Table 6 compares the variances in the tracer mass retained on the foliage throughout the entire plant. There were no differences between sprayers A and B. This demonstrates that these sprayers did not influence variations in deposition throughout the plant. Relative to the conventional sprayers (A and B), the electrostatic sprayer produced less uniform distribution across the entire plant because of the greater tracer concentration on the lower foliage. This data shows that charged droplets increase deposition on the lower foliage. In cases where it is desirable to increase distribution on the lower parts of the plant, without causing great variability throughout the entire plant, it may be necessary to find alternatives such as positioning the spray nozzles closer to the upper part of the plant. 1301 Spray deposition on coffee… GITIRANA NETO, J. et al. 
CONCLUSIONS
Electrostatic spraying produced greater spray deposition on the lower part of the coffee canopy than did non-electrostatic spraying. In this region and in the middle part of the foliage, the sprayer with directed air jets performed better than the sprayer with nozzles positioned in lateral arcs. Deposition on the upper part of the plants was similar among the sprayer types and lower than deposition on the middle and lower parts.
Spray volume in the airblast sprayers without electric charge (200 to 500 L ha -1 ) did not influence spray deposition on the plants and losses to the soil. The electrostatic sprayer reduced losses to the soil.
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RESUMO:
Estudos relacionados à qualidade da aplicação de produtos fitossanitários no cafeeiro são ainda escassos. Dessa forma, o objetivo deste trabalho foi estudar a deposição de calda pulverizada em folhas de cafeeiro e a perda para o solo promovidas pela pulverização hidropneumática, em diferentes volumes de calda, com e sem carga eletrostática. O experimento foi conduzido em delineamento em blocos casualizados, em esquema fatorial 2 x 4 + 1. Foram avaliadas a deposição de calda nos terços superior, médio e inferior e as perdas para o solo promovidas pela pulverização do traçador Azul Brilhante, empregando um pulverizador hidropneumático convencional e um com dutos de ar direcionado, com volumes de calda de 200, 300, 400 e 500 L ha-1, e um pulverizador eletrostático, com volume de calda de 130 L ha -1 . A pulverização eletrostática proporcionou maior deposição de calda no terço inferior do cafeeiro em comparação à pulverização não eletrostática. Nesta região e na parte média das plantas, o pulverizador dotado de dutos de ar direcionado teve melhor desempenho do que o equipamento com bicos dispostos ao longo dos arcos laterais (Axial). O volume de calda empregado nos pulverizadores hidropneumáticos sem carga eletrostática (200 a 500 L ha -1 ) não influenciou a deposição de calda nas plantas e as perdas para o solo, que foram menores quando se empregou o pulverizador eletrostático.
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